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Interactions involved in the expression of parainfluenza glycoproteins were examined by expressing cDNA clones
of the HN and F genes from human parainfluenza virus type-1 (hPIV1) or Sendai virus (SV) in recombinant Semliki
Forest virus (recSFV) or vaccinia-T7 expression vectors. We found that expression of a cloned F protein gene of hPIV1
resulted in downregulation of the HN proteins of hPIV1 or SV. Compared to the amount of HN expressed in the absence
of F, coexpression of HN and F led to about 70% reduction in HN. This reduction of HN was observed in both total
cell lysates and in protein localized on the cell surface. In contrast to hPIV1 F, SV F did not suppress the expression
of HN. Northern blot analysis indicated that similar levels of HN mRNA accumulated in the absence or presence of
hPIV1 F. The reduction of HN protein expression by hPIV1 F was detectable after as little as a 10-min labeling period,
suggesting that downregulation occurred at the level of translation or at an early stage of protein folding. In hPIV1-
infected cells, the amount of F protein synthesized was only about 15% of that of HN, whereas SV F is expressed at
high levels. When the level of F in hPIV1-infected cells was artificially increased by recSFV, HN expression was
suppressed. The reduction of F protein production in hPIV1-infected cells was regulated at the level of transcription.
Characterization of mRNAs produced in hPIV1-infected cells showed that only 20% of the hPIV1 F mRNAs were
monocistronic transcripts; 80% were bicistronic M-F readthrough mRNAs. Because proteins are suggested to be synthe-
sized from only the first cistron of bicistronic mRNA in paramyxovirus (T. C. Wong and A. Hirano (1987) J. Virol. 61,
584 – 589), production of F protein is likely suppressed by transcriptional regulation in hPIV1-infected cells. These
results suggest that F is capable of downregulating the synthesis of HN, but that this is normally prevented in hPIV1-
infected cells by suppression of F protein synthesis by transcriptional regulation. q 1997 Academic Press
INTRODUCTION glycoprotein comprises 555 amino acids and 3 potential
glycosylation sites. This protein has an amino-terminal
Human parainfluenza virus type 1 (hPIV1), a member of
signal sequence that directs membrane insertion and
the genus Paramyxovirus in the family Paramyxoviridae,
is cleaved and a hydrophobic domain that serves as
contains a negative-stranded nonsegmented RNA ge-
membrane anchor near the carboxyl terminus (Mersonnome that includes at least six genes, (in 3*-to-5* order)
et al., 1988).NP-P/C-M-F-HN-L (Galinsky and Wechsler, 1991). Para-
Functional interaction between HN and F moleculesmyxoviruses are enveloped particles that contain six
is an element of the mechanism of membrane fusion,structural proteins, two of which (HN and F) are surface
because only coexpression of HN and F from the sameglycoproteins that play a major role in the initiation of
virus (Horvath et al., 1992; Hu et al., 1992) or from closelyvirus infection. The HN glycoprotein binds to sialic acid-
related viruses (Bousse et al., 1994) induces fusion. Al-containing receptors and has neuraminidase activity
though the mechanism by which HN functions to induce(Markwell, 1991). In addition, hPIV1 HN contributes an
membrane fusion through F is unknown, physical interac-essential but undefined function that allows F to mediate
tion between HN and F may be required. By cross-linkingmembrane fusion (Bousse et al., 1994), a process that
and coimmunoprecipitation experiments Malvosin andhas been observed in other paramyxoviruses (Ebata et
Wild (1993) showed that measles virus H and F proteinsal., 1991; Hu et al., 1992; Morrison et al., 1991). HPIV1
are closely associated on the cell surface. Further, con-HN, a type II glycoprotein, is 575 amino acids long and
formational changes (measured by circular dichroism)contains 10 potential N-linked glycosylation sites and a
have been detected after concurrent reconstitution ofhydrophobic domain close to the N-terminal region of
Sendai virus (SV) F and HN into liposomes, as compared26 amino acid. This hydrophobic domain serves a dual
to the conformation of proteins that were reconstitutedfunction, acting both as a signal sequence and a mem-
individually. This conformational change correlated withbrane anchor (Gorman et al., 1990). HPIV1 F, a type I
fusogenic activity (Citovsky et al., 1986).
In addition to the functional and suggested physical1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (901) 523-2622. interaction between HN and F, here we report that coex-
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45DOWNREGULATION OF HN BY HPIV1 F
pression of hPIV1 F downregulates expression of hPIV1 pressed in BHK cells by infecting the chymotrypsin-acti-
vated recSFV as described (Liljestrom and Garoff, 1995).or SV HN, when both proteins are expressed from cDNA
clones in vaccinia-T7 or recombinant Semliki Forest Virus Subconfluent BHK cells were infected with different
quantities of activated recSFVs for 1 hr at 377. Sixteen(recSFV) expression systems. In contrast to hPIV1 F,
coexpression of the SV F gene did not significantly sup- hours later, the cells were fixed and immunostained by
using specific monoclonal antibodies (MAbs) as de-press HN expression. When we examined HN and F
expression levels during normal hPIV1 infection, we scribed previously (Bousse et al., 1994). The quantity of
recSFV that infected 100% of the cells (10–30 ml) wasfound that much less F protein was synthesized during
hPIV1 infection, which suggests that HN expression was used in the following experiments.
HeLa T4/ cells were infected with vTF7-3 (Fuerst etnot affected by F in hPIV1 infected cells. This interpreta-
tion was supported by our observation that hPIV1 HN al., 1986) and transfected with pTF1 plasmid carrying
hPIV1 or SV HN or F gene by lipofectin (Life Technolo-expression could be suppressed if we artificially elevated
the hPIV1 F level by coinfection with recSFV. To examine gies) to evaluate expression of HN and F in a vaccinia-
T7 system as described previously (Bousse et al., 1994).the basis for reduced F expression during hPIV1 infec-
tion, we did a Northern blot analysis of hPIV1-infected
cells. This demonstrated that most of the F mRNAs tran- Radioimmunoprecipitation (RIP)
scribed by hPIV1 polymerase complex were bicistronic
Cells expressing HN or F proteins after infection withM-F readthrough mRNAs in which F is not translatable,
hPIV1, SV, or recSFV, or by the vaccinia-T7 expressionrather than monocistronic translatable F mRNA. These
system, were cultured in methionine- and cysteine-freeresults suggest that transcriptional regulation in hPIV1-
medium (ICN) for 30 min and then labeled with 100 mCiinfected cells reduces F protein synthesis, which when
Trans 35S-label (ICN). After radiolabeling, the cells wereelevated is capable of suppressing the production of HN.
chased with medium containing excess unlabeled methi-
onine and cysteine and 100 mg/ml of cycloheximide
MATERIALS AND METHODS (Sigma). Labeled cells were lysed by adding TNE buffer
(Bousse et al., 1994), and the proteins in the cytoplasmicViruses and cells
cell extracts were immunoprecipitated by using a com-
HPIV1 (strain C35) and SV (strain Enders) were grown plex of protein A–Sepharose CL-4B (Pharmacia, Inc.) and
in LLC-MK2 cells in Eagles minimal essential medium specific monoclonal or polyclonal antibodies as de-
(MEM) with 2 mg trypsin per milliliter. The recombinant scribed (Bousse et al., 1994). The immunoprecipitated
vaccinia virus vTF7-3 was grown in TK0143 cells as de- proteins were analyzed by SDS–polyacrylamide gel elec-
scribed previously (Bousse et al., 1994; Fuerst et al., trophoresis (SDS–PAGE). Quantities of the immunopre-
1986). HeLa T4/ cells (Maddon et al., 1986) were grown cipitated proteins were determined by PhosphoImager
in Dulbecco’s modified Eagle’s medium containing 5% analysis by using software from Molecular Dynamics.
fetal bovine serum. BHK and LLC-MK2 cells were grown
in MEM containing 5% fetal bovine serum. Neuraminidase (NA) activity at the cell surface
NA activity of the expressed HN was measured by theExpression of HN and F proteins by recSFV and
colorimetric method of Aminoff (1961), which detects thevaccinia-T7 transient system
amount of N-acetylneuraminic acid that has been re-
Blunt-ended cDNA fragments containing the HN and leased from N-acetylneuramin-lactose. Cells expressing
F genes of hPIV1 and SV were subcloned into the SmaI HN proteins were washed with PBS and incubated for 1
site of the Semliki Forest virus expression vector pSFV1 hr with 0.2 M phosphate buffer containing N-acetylneu-
(Life Technologies). The subcloned fragments were iso- ramin-lactose, and the amount of cleaved N-acetylneur-
lated as follows. The pTF1 plasmid containing the hPIV1 aminic acid was measured.
HN gene (Bousse et al., 1994; Takahashi et al., 1993)
was cleaved at the EcoRI and HincII sites. The resulting Immunoelectron microscopy
overhangs were filled in by a Klenow reaction. The pTF1
plasmids containing SV HN and F genes (Bousse et al., Purified viruses were adsorbed to parlodion-coated,
300-mesh copper grids. The immuno reactions were car-1994; Takahashi et al., 1993) were cleaved at the SmaI
site or EcoRV and SmaI sites, respectively. The SpeI ried out by the method described previously (Murti and
Webster, 1986). Briefly, gelatin was used as a blockingsite of the hPIV1 F gene was destroyed by site-directed
mutagenesis reaction (Kunkel, 1985), and the plasmid agent to prevent nonspecific binding of antibodies. The
virus on a grid was reacted with a cocktail of MAbs forcarrying the mutated hPIV1 F gene was cleaved with
EcoRI and HincII and filled in by a Klenow reaction. 1 hr at room temperature. The grid was then washed
throughly and floated on colloidal gold-conjugated goatRecombinant SFV (recSFV) containing hPIV1 or SV HN
or F gene was produced as described previously (Liljes- anti-mouse antibodies (Janssen Pharmacia, Belgium).
The samples were positively stained with ethanolic ura-trom and Garoff, 1995). HN and F proteins were ex-
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nyl acetate for electron microscopy and viewed in a
Philips 301 electron microscope operated at 80 kV.
Northern blot analysis
Total cellular RNA was isolated from recSFV-infected
BHK cells by acid phenol-guanidinium thiocyanate ex-
traction (Chomczynski and Sacchi, 1987) by using RNAzol
B (Biotex Laboratories) according to the manufacturer’s
instructions. For each sample, 10 mg of extracted RNA
was separated on 1.2% agarose gel containing 2.2 M
formaldehyde, transferred to GeneScreen Plus mem-
brane (New England Nuclear), and hybridized with 32P-
labeled DNA probes. Probes of hPIV1 and SV HN and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
genes were prepared by using a random-primed DNA
labeling kit (Boehringer Mannheim).
Polyadenylated RNA from BHK cells infected with
hPIV1 or SV was purified by oligo (dT)-cellulose chroma-
tography by using the Poly(A)tract mRNA Isolation Sys-
tem (Promega). The extracted RNAs were separated by
agarose gel electrophoresis and hybridized with 32P-la-
beled M, F, and HN probes as described in the preceding
paragraph. FIG. 1. Amounts of HN and F expressed in cells infected with recSFV.
HPIV1 HN or SVHN was expressed alone (0) or with hPIV1 F (/hPIV1
F; A), or SV F (/SV F; B) in BHK cells. (C) HPIV1 F was expressedRESULTS
alone (0) or with hPIV1 HN (/hPIV1 HN) or SV HN (/SV HN). RecSFV-
infected cells were labeled with 100 mCi Trans 35S-label for 20 min andSuppression of HN protein expression by
chased for 2 hr. Cytoplasmic cell extracts were divided in half andcoexpressed hPIV1 F protein
used for immunoprecipitation with anti-HN (or anti-F) and with anti-
actin antibodies. A cocktail of specific MAbs to HN or F was used forDuring experiments addressing the fusion promotion
immunoprecipitation. Anti-actin polyclonal antibody (Chemicon) was
activity of the hPIV1 HN protein, we observed that HN used for precipitation of actin to confirm that same amount of cell
expression was suppressed by coexpression of hPIV1 F lysate were used for the experiment. Immunoprecipitated proteins were
separated by SDS–polyacrylamide gel electrophoresis.(Unpublished observation). To further characterize this
phenomenon, we quantitated the amounts of HN in the
absence and presence of F protein expression. We used
the recSFV expression system (Liljestrom and Garoff, hPIV1 HN or SV HN had any effect on the synthesis of
hPIV1 F. In contrast to the reduction in HN by coexpres-1995) to ensure that all the cells were infected. BHK
cells were infected with either recSFV expressing hPIV1 sion of F (Fig. 1A), the amounts of hPIV1 F protein ex-
pressed alone or with SV HN or hPIV1 HN were equiva-(recSFV-hPIV1HN) or SV(recSFV-SVHN) HN genes. In ad-
dition, some BHK cultures infected with these individual lent (Fig. 1C).
The effect of hPIV1 F on HN expression was also eval-recSFV constructs were concurrently infected with
recSFV expressing F genes of hPIV1 (recSFV-hPIV1F) or uated in the vaccinia virus-T7 expression system (Bousse
et al., 1994; Fuerst et al., 1986) to confirm that downregu-SV (recSFV-SVF). Double infection with the recSFVs did
not affect the efficiency of infection as determined by lation of HN results from coexpression of hPIV1 F and
not caused by the expression system used. Radiolabeledimmunostaining of the infected cells (data not shown).
Sixteen hours after infection, the cells were radiolabeled, proteins were immunoprecipitated, separated by SDS–
PAGE, and quantitated by PhosphoImager analysis. Asand HN or F in the cell lysate was immunoprecipitated
by using a cocktail of specific MAbs. Compared with the before, the total amount of hPIV1 HN or SV HN expressed
in the presence of hPIV1 F was significantly reducedamount of HN expressed in the absence of F, production
of hPIV1 HN and SV HN was reduced when the proteins compared to levels of HN expressed in the absence of
that protein, and SV F had little effect on expression ofwere coexpressed with hPIV1 F (Fig. 1A). Quantitation of
HN expression by PhosphoImager analysis demon- hPIV1 HN or SV HN (Table 1). In addition, similar to
results obtained from the recSFV system, the amount ofstrated that the level of hPIV1 HN or SV HN was reduced
by about 70% when coexpressed with hPIV1 F. In contrast hPIV1 F in the vaccinia-T7 system was not significantly
affected by coexpression of HN proteins (Table 1).to results obtained with hPIV1 F, coexpression of SV F
had little effect on the expression of hPIV1 HN or SV HN We then addressed whether HN that had been coex-
pressed with hPIV1 F is transported to the cell surface(Fig. 1B). Next, we analyzed whether coexpression of
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TABLE 1
Quantitation of Proteins Expression in the Vaccinia-T7 Systema
Percentage of protein after
coexpression with
hPIV1F SVF hPIV1HN SVHN
Cell lysate
hPIV1HN 25 75 — — b
SVHN 35 72 — — FIG. 2. Northern blot analysis of hPIV1 or SV HN mRNAs. Ten micro-
hPIV1F — — 80 100 grams of total cellular RNA extracted from BHK cells infected with
SVF — — 82 90 recSFV-hPIV1HN or rec SFV-SV HN alone or with recSFV-hPIV1 F were
Cell surface separated in an agarose gel and hybridized to 32P-labeled hPIV1 HN
hPIV1HN 38 74 — — or SV HN probes. The blot was rehybridized to GAPDH probe to detect
SVHN 34 72 — — differences in RNA loading.
hPIV1F — — 86 112
SVF — — 78 80
Neuraminidase activity
mRNA accumulated and that downregulation occurredhPIV1HN 31 70 — —
at a later stage of gene expression, such as translationSVHN 33 76 — —
or maturation of the protein.
a Values shown are the percentage of the proteins expressed alone
and are the average of two separate experiments.
HN downregulation was observed soon afterb Not evaluated.
translation
and biologically functional. We used cell surface ELISA Because the levels of HN mRNA in cells expressing
with a cocktail of MAbs (Bousse et al., 1994) to determine HN alone or with hPIV1 F did not differ, we looked at the
the amount of HN protein at the cell surface in the vac- levels of protein synthesis. Cells infected with recSFV-
cinia-T7 system. When coexpressed with hPIV1 F, HN at hPIV1HN or recSFV-SVHN alone, or each in combination
the cell surface was reduced to 34–38% of the level seen with recSFV-hPIV1F, were labeled with Trans 35S-label
without F, and this level was similar to that observed in for 10 min and the labeled HN proteins were immunopre-
the total cell lysate (Table 1). The neuraminidase activity cipitated. We used anti-HN polyclonal antiserum from
of HN at cell surface was proportional to the amount of mice immunized with SDS-denatured HN protein, to per-
protein expressed (Table 1), showing that although HN mit us to collect any unfolded forms of HN. After only
levels were suppressed by coexpression with hPIV1 F, a 10-min labeling period, coexpression of hPIV1 F had
the protein produced was transported to the cell surface already resulted in detectable suppression of HN, sug-
and biologically functional. gesting that hPIV1 F suppresses production of HN dur-
ing, or shortly after, translation (Fig. 3). This result also
eliminates the possibility that our MAbs failed to detectComparison of the amounts of HN mRNA
unfolded forms of HN (Fig 1 and Table 1) since we de-
We next evaluated the stage at which expression of tected the downregulation of HN when coexpressed with
HN was downregulated. We examined the accumulation hPIV1 F using polyclonal antibody to denatured HN pro-
of mRNA in cells expressing hPIV1 or SV HN alone or tein.
concurrently with hPIV1 F to determine whether coex-
pression of F suppresses transcription of HN. Total RNA
was extracted from cells infected either individually with
recSFV-hPIV1 HN or recSFV-SV HN or each in combina-
tion with recSFV-hPIV1 F. The same amounts of RNA
were separated in an agarose gel and detected by North-
ern blotting with 32P-labeled hPIV1 or SV HN-specific
probes. As shown in Fig. 2, the level of hPIV1 or SV HN
mRNA did not differ between cells expressing only HN
or concurrently with hPIV1 F. Quantitative analysis using
FIG. 3. Effect of coexpression of hPIV1 F on production of hPIV1 andPhosphoImager analysis demonstrated that the differ-
SV HN. HPIV1 HN or SV HN proteins were expressed either alone (0)ence of hPIV1 or SV HN mRNAs accumulated in cells
or with hPIV1 F (/hPIV1F). The proteins expressed from the recSFVexpressing HN alone or together with hPIV1 F was less
constructs were radiolabeled with 100 mCi Trans 35S-label for 10 min.
than 3%. Although coexpression of hPIV1 F suppressed The labeled cell lysate were used for immunoprecipitation with a poly-
HN protein production, these results suggest that coex- clonal mouse antibody to denatured HN protein and separated by SDS–
PAGE.pression of F did not influence the level to which HN
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the difference of the number of methionine and cysteine
residues, which can be labeled by Trans 35S-label. The
difference in the amount of HN and F on hPIV1 virion
was also analyzed by immunoelectron microscopy (Fig.
5). Purified hPIV1 was reacted with a cocktail of MAbs
to HN (C) or F (D) followed by goat anti-mouse antibodies
conjugated with colloidal gold. The HN molecules, as
indicated by the gold particles, are distributed uniformly
over the virion surface. In contrast, amount of F mole-
cules on the virion is less and found in a few patches
(Fig. 5D). On SV virions, abundant amounts of HN and F
molecules were observed uniformly over the virion sur-
face (Figs. 5A and 5B). The reduced amount of hPIV1 F
seen on the virions reflects the reduced amount of F
FIG. 4. Amounts of HN and F proteins on virus particles and in seen in infected cells as indicated in Fig. 4. The conse-
infected cells. LLC-MK2 cells were infected with hPIV1 or SV at m.o.i. quence of the reduced amount of F synthesis might be
3. After 24 hr, infected cells were labeled with 100 mCi Trans 35S-label
insufficient to downregulate HN expression in hPIV1-in-for 24 hr. Labeled viruses in the culture supernatant were purified by
fected cells.sedimentation through 50% glycerol in PBS and analyzed by SDS–
PAGE to evaluate the amount of HN and F on the virus particles (lanes
1). For analysis of synthesis HN or F proteins in the infected cells, 24 Effect of overexpression of hPIV1 F on synthesis of
hr after infection cells were labeled with Trans 35S-label for 30 min and HN protein
chased for 2 hr. Cell lysate were then immunoprecipitated by specific
MAbs (anti HN, lane 2; anti F, lane 3) and analyzed by SDS–PAGE. We examined whether overexpression of the hPIV1
F protein would downregulate the level of HN protein
produced in hPIV1-infected cells. BHK cells were in-
fected with hPIV1, and 24 hr later, these cells wereQuantitation of HN and F proteins in hPIV1- and SV-
also infected with recSFV-hPIV1F. The double-infectedinfected cells and on virus particles
cells were then labeled for 30 min with Trans 35S-label
In both recSFV and vaccinia-T7 vector systems, hPIV1
and chased for 2 hr, and the amount of HN protein
F downregulated expression of HN. To determine the
produced was examined by immunoprecipitation. RIP
biological significance of this observation in the context
analysis with MAbs to hPIV1 HN demonstrated that
of virus infection, we examined the effect of hPIV1F on
synthesis of HN protein was not suppressed by SV
expression of HN in virus-infected cells. We quantitated
F protein produced by recSFV (Fig. 6A). In contrast,
the amount of HN and F proteins present in hPIV1- or
overexpression of hPIV1 F protein by recSFV resulted
SV-infected cells and in virus particles. Twenty-four hours
in about 62% reduction of HN (Fig. 6A), although the
after infection with hPIV1 or SV, BHK cells were radiola-
amount of hPIV1 or SV F proteins produced by recSFV
beled for 30 min and chased for 2 hr, and HN and F
was almost the same (Fig. 6B). These results indicate
proteins in cytoplasmic cell extracts were immunoprecip-
that HN protein production can be downregulated in
itated by a mixture of MAbs. Interestingly, the production
hPIV1-infected cells by overexpression of hPIV1 F.
of F protein in hPIV1-infected cells was about 10% of that
of HN protein (Fig. 4A, lane 2 and 3). HN protein contains Analysis of HN and F RNA transcripts in hPIV1 and
1.5 times more methionine or cysteine residues than F, SV infected cells
therefore, the amount of F in hPIV1-infected cells is about
15% of HN. In contrast to findings from hPIV1-infected The negative-stranded genomes of paramyxoviruses
are transcribed, depending on the virus, into at least sixcells, the amount of F protein produced in SV-infected
cells was almost equal to that of HN (Fig. 4B, lane 2 and transcripts each of which encodes one protein with the
exception of the P gene, which encodes at least two3). A previous study has shown that hPIV1 F is stable for
at least 6 hr (Takimoto and Portner, 1994); therefore, the proteins (Galinski et al., 1986; Giorgi et al., 1983). To
investigate the mechanism responsible for suppressionlow amount of hPIV1 F was not likely due to instability
of the protein. of F protein synthesis in hPIV1-infected cells, we charac-
terized hPIV1-specific mRNAs produced in infected cellsSDS–PAGE analysis of purified radiolabeled hPIV1 vi-
rions demonstrated that, like the infected cell lysates, and compared them with those in SV-infected cells. Total
mRNA extracted from hPIV1- or SV-infected LLC-MK2these virus particles had much less F than HN protein
(Fig. 4A, lane 1), while SV virions contained similar cells was hybridized to 32P-labeled M-, F-, and HN-spe-
cific probes. The M, F, and HN mRNAs in SV-infectedamounts of HN and F proteins (Fig. 4B, lane 1). We ob-
served the same result in purified virus stained with Coo- cells migrated as monocistronic mRNAs (Fig. 7). In addi-
tion hPIV1 HN mRNA was detected only at the positionmassie brilliant blue (data not shown), indicating that
lower amount of F than HN on hPIV1 virions is not due to of monocistronic RNA. In contrast, in the hPIV1-infected
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FIG. 5. Immunogold labeling of whole virions of Sendai virus (A, B) or hPIV1 (C, D) with anti-HN (A, C) or anti-F (B, D) specific antibodies.
The virions were labeled as per published procedures (Murti and Webster, 1986) and stained positively to reveal the outline of the virion.
Note the similar labeling intensity of F relative to HN on Sendai virus (A, B) but much lower (5 to 10-fold less) labeling intensity of F relative
to HN on hPIV1 virions. The data are representive of over 300 virions for each sample examined in the electron microscope. Bar in D equals
0.1 mm.
cells, most of the mRNA that hybridized to the hPIV1 F slowly than did SV F mRNA due to the fact that the non-
coding region of hPIV1 F is about 200 nucleotides longerand M probes migrated at the position of an M-F bicis-
tronic mRNA, with only faint bands visible at positions of (Blumberg et al., 1985a; Merson et al., 1988; Unpublished
data). The hPIV1 mRNAs detected by M and F probesmonocistronic mRNAs. Quantitative analysis showed that
80% of F mRNAs were bicistronic, and 20% were mono- migrated to the same position, and these molecules likely
represent bicistronic mRNA M-F readthrough transcripts.cistronic. Monocistronic hPIV1 F mRNA migrated more
Based on a previous study which suggested that proteins
are synthesized from only the first cistron of bicistronic
mRNA (Wong and Hirano, 1987), our results indicate that
the reduced synthesis of F protein in hPIV1-infected cells
occurs at the transcriptional level. Thus, the ability of
hPIV1 F to downregulate HN in virus-infected cells seems
FIG. 6. Effect of overexpression of hPIV1 F on expression of HN
protein in hPIV1-infected cells. (A) BHK cells were infected with hPIV1
and 24 hr later, the cells were mock-infected or infected with recSFV-
SV F or recSFV-hPIV1F. Sixteen hours after infection with recSFV, the
cells were labeled with Trans 35S-label for 20 min and chased for 2 hr.
The cytoplasmic cell extracts were immunoprecipitated by anti-hPIV1
HN MAbs. (B) Immunoprecipitation of hPIV1 or SV F proteins produced
by recSFV. BHK cells were infected with recSFV-hPIV1 F or recSFV-SV FIG. 7. Northern blot analysis of hPIV1- and SV-infected cells. Polyad-
enylated RNA was extracted from hPIV1- or SV-infected BHK cells andF and 16 hr later, the cells were labeled with Trans 35S-label for 20
min and chased for 2 hr. The cell lysates were used for immunoprecipi- hybridized with 32P-labeled M, F, and HN probes. The positions of the
28S and 18S rRNAs migrated are shown.tation by MAbs and analyzed by SDS–PAGE.
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to have been limited by the predominant production of Unpublished data). F gene mRNAs in hPIV3 and measles
virus also contain long 5*-noncoding regions (193 andreadthrough M-F mRNA.
582 nucleotides, respectively) as compared to those of
human parainfluenza virus type 2 or SV5 (18 and 29 nu-DISCUSSION
cleotides, respectively; Kawano et al., 1990; Paterson et
al., 1984; Richardson et al., 1986; Spriggs et al., 1986).Here we report that high level expression of hPIV1 F
can downregulate the expression of HN proteins. In The role of the 5* noncoding region of F gene mRNAs of
paramyxoviruses is unclear. In adenovirus, late mRNAshPIV1-infected cells, however, this effect of F is avoided
by the synthesis of reduced amounts of F. This reduction are preferentially translated and 203-nucleotide-long 5*
noncoding region of the late mRNAs is responsible forin F protein is regulated at the transcriptional level in
which the majority of the F transcripts is in a nontranslat- the enhanced translation in infected cells (Berkner and
Sharp, 1985; Logan and Shenk, 1984). It is conceivableable bicistronic F mRNA. The mechanism by which hPIV1
F downregulates expression of HN is unclear. HN down- that the long 5* noncoding region in hPIV1 or hPIV3 F
mRNA plays a role in selective translation of F mRNA atregulation by hPIV1 F is not due to the formation of insolu-
ble HN-F complex because F is not coprecipitated by the expense of HN mRNA, which results in the downregu-
lation of HN.anti-HN MAbs or coexpressed HN does not reduce the
amount of hPIV1 F. The possibility that F protein blocks In hPIV1-infected cells, the amount of F protein pro-
duced was much less than that of HN. However, overex-the binding of antibody to HN may also be ruled out
because we used a mixture of MAbs which recognize pression of hPIV1 F from recSFV suppresses expression
of HN. These results suggest that HN synthesis in hPIV1-different antigenic sites. Coexpression of hPIV1 F gene
did not alter the accumulation of HN mRNAs, indicating infected cells was not downregulated because too little
F protein was produced. The reduction of F protein syn-that hPIV1 F does not suppress the transcription of HN
mRNAs. However, the downregulation of HN protein was thesis is likely the result of decreased transcription of
monocistronic F mRNA; most of the F transcripts weredetected within 10 min of protein synthesis (Fig. 3), sug-
gesting that suppression of HN by hPIV1 F occurs at the M-F readthrough bicistronic mRNAs (Fig. 7). Bicistronic
transcripts are generated by termination failure in thelevel of translation or at an early stage in protein folding.
HN and F proteins are synthesized and folded in the stop–start mechanism of transcription (Spriggs and Col-
lins, 1986; Tsurudome et al., 1991). The genome of non-rough endoplasmic reticulum (RER), and molecular chap-
erone proteins mediate the folding and oligomerization segmented negative strand RNA viruses typically con-
sists of a number of linearly arranged cistrons separatedof proteins within the cell. SV HN, SV F, simian virus 5
(SV5) HN, and vesicular stomatitis virus G are associated by highly homologous intergenic regions, which are di-
vided into three separate domains of transcription termi-with the molecular chaperones BiP or calnexin in virus-
infected cells (Hammond and Helenius, 1994; Roux, 1990; nation, intergenic sequence, and transcription initiation
(Gupta and Kingsbury, 1984). Transcription begins at theWatowich et al., 1991). Interaction of hPIV1 F with molec-
ular chaperones has not yet been identified, but is likely 3* terminus of the genome and proceeds toward the 5*
terminus by a series of termination events that are fol-to mimic the situation seen in SV, a closely related murine
parainfluenza virus. Proteins that are unassociated with lowed by reinitiation at specific sites in the intergenic
regions (Galinski and Wechsler, 1991). Although polyade-chaperones in the RER are selectively degraded (Chen
et al., 1988). Therefore, the association of hPIV1 F with nylated RNA species that contain sequences derived
from two or more adjacent cistrons have been foundmolecular chaperones and the influence to HN–chaper-
one interaction may be of interest in understanding the in cells infected by nonsegmented negative-strand RNA
viruses (Gupta and Kingsbury, 1985; Varich et al., 1979;mechanism of downregulation of HN by hPIV1 F.
Recently, it was reported that human parainfluenza Wong and Hirano, 1987), the predominant viral tran-
scripts observed in paramyxovirus-infected cells are mo-virus type 3 (hPIV3) F expression downregulated coex-
pressed SV or SV5 HN or Measles virus H proteins (Ta- nocistronic mRNAs that are capped at the 5* termini and
polyadenylated at the 3* termini (Galinski and Wechsler,naka et al., 1996). We report here that hPIV1 and SV HN
protein levels dropped when hPIV1 (but not SV) F was 1991). Our finding that most of the F mRNA is the read-
through M-F bicistronic mRNA in hPIV1-infected cellscoexpressed. These results suggest that common se-
quence or structure of hPIV1 and hPIV3 F mRNAs or suggests that the hPIV1 RNA polymerase complex usu-
ally does not recognize the stop signal between M andproteins which does not exist in SV F is responsible for
the observed downregulation of HN proteins. At the F cistrons. Predominant production of M-F readthrough
transcripts were also observed in hPIV3- and SV41-in-amino acid level, the F proteins of hPIV1 and SV are 68%
homologous (Merson et al., 1988), while the 5* noncoding fected cells and brain sample of measles inclusion body
encephalitis (Cattaneo et al., 1987; Spriggs and Collins,regions of hPIV1 and SV F gene mRNAs differ greatly.
The 5* noncoding region of hPIV1 F mRNA is 274 nucleo- 1986; Tsurudome et al., 1991). A factor acting in trans is
suggested to be related to P-M readthrough transcript intides in length, compared to only 53 nucleotides in SV
F mRNA (Blumberg et al., 1985a; Merson et al., 1988; mutant measles virus (Cattaneo et al., 1987). However,
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mutations in the gene boundary sequence are most likely mediate fusion (Merz and Wolinsky, 1983). Because
hPIV1 HN shows low neuraminidase activity, hPIV1 mayresponsible for the production of M-F readthrough tran-
scripts. It was shown that M gene of hPIV3 contains an require fewer F molecules for induction of fusion in infec-
tion and cell-to-cell virus spread. Electron microscopy ofeight base insertion in the termination signal and that M
gene of SV41 lacks the termination signal and these hPIV1 F labeled with immunogold showed an interesting
location of F on virions. While the amount of F is limitedmodifications were suggested to be responsible for the
production of M-F readthrough transcripts (Luc et al., on virions, F molecules are confined to discrete patches
(Fig 5B). This result suggest that although the amount of1987; Spriggs and Collins, 1986; Tsurudome et al., 1991).
The transcription termination sequence of hPIV1 AUU- F molecule is low, hPIV1 virions may efficiently fuse with
susceptible cell membrane by localizing the F moleculeCUUUUU is unlikely to be the signal that was read-
through, because this sequence is completely conserved at the particular site on the virion.
between SV genes (Galinski, 1991) and between hPIV1
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